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Abstract— Changes in the Earth’s surface albedo im-
pact the atmospheric and global energy budget and con-
tribute to global climate change. It is now recognized that
multi-spectral and multi-angular views of the Earth’s top
of the atmosphere (TOA) albedo are necessary to pro-
vide information on albedo changes. In this paper we de-
scribe one semi-empirical bidirectional reflectance factor
(BRF) model based on the “Coupled Surface-Atmosphere
Reflectance” (CSAR) model which is inverted for two un-
knowns. The retrieved BRF parameters are then used
to compute the TOA spectral albedo for clear sky condi-
tions. Using this approach we find that the albedo can
be computed with better than 1% error in the visible and
1.5% in the near infrared (NIR) for most surface types.

1. INTRODUCTION

The Multi-angle Imaging Spectro-Radiometer (MISR)
instrument is slated for the EOS-AM platform to be
launched in 1998. The instrument consists of nine cameras
pointed at zenith angles of +70.5, £60, £45, £26.1 and 0
degrees in the along track direction. Each camera has four
spectral channels with center bandpass wavelengths at 443
nm (blue), 550 nm (green), 670 nm (red) and 865 nm (near
infrared). The instrument will be used to infer top of the
atmosphere spectral albedo (clear and cloudy conditions),
surface bidirectional reflectance, global aerosol distribu-
tions and other atmosphere and surface parameters at the
4 spectral bands. Global monitoring of the earth radiation
budget is one of the main goals in global change research
programs. Thus global measurements of the TOA albedo
are important (Kimes and Sellers, 1985).Our goal is to
compute the TOA spectral albedo for clear sky conditions
from MISR measurements (Diner et al., 1994).

1.1. Definition of the TOA Albedo

The albedo in each MISR channel ¢, ¢ = [1,2,3,4] is
defined as:

IGARSS’96 Paper / LA-UR-96-1129

1 1 27
aO,c(ll/s) = ; /0 dﬂv,u/v o d¢v BRFC(/J/s: Mv7¢v)7

with the notation: «ag,(ps) is the top of atmosphere
albedo in MISR channel ¢, ¢, is the angle relative to
the solar azimuth, u, is the cosine of the solar zenith an-
gle 8y, p, is the cosine of the view zenith angle § and
BRF, (s, pw, ¢») is the bidirectional reflectance factor in
MISR channel ¢ (Nicodemus et al, 1977). The relation-
ship between the BRF' and the bidirectional reflectance
distribution function BRDF is

1
BRDFC(:“’S;HU:¢'U) = ;BRFC(Nsana(ﬁv)'

The BRF. is related to the radiance L. by the following
equation

71' Lc(/"/s;,“/v;¢u) D?
MHs EO,C

where D = R(t)/Ro is the normalized distance to the
sun. R(t) is the time dependent distance and Ry is the
distance for which Ej is defined and Ej is the TOA solar
irradiance.

For each channel, MISR has nine cameras that measure
the BRF at nadir and at four different off nadir zenith in
two different azimuthal angles (forward and aft). Since we
have only two azimuthal measurements for each off nadir
zenith angle we need an azimuthal model to interpolate
between the MISR measurements. This model has to be
true for different surface cover types and for various at-
mospheric conditions. Thus, to find an appropriate AZM
we compute the BRF,(us, by, $») and the TOA albedo
ap,o( ps) for a number of model cases.

BRF (s, prv, v) =

Y

2. SIMULATED MISR DATA SET

Since there is no MISR data yet available it was necessary
to simulate MISR data as closely as possible to what is
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3.2 The CSAR Model

expected from the EOS instrument in a few years. Several
“Radiative transfer” (RT) codes were considered for this
task. A key requirement was that the surface had to be
modeled using a surface “Bidirectional Reflectance Distri-
bution Function” (BRDF) (e.g. Nicodemus et al, 1977).
Furthermore the RT codes must accurately calculate the
multiple scattering for a large range of sun and view an-
gles in order to perform a numerical integration over the
hemispherical BRF for the albedo calculation. Multiple
scattering is an important component of the measured
signal in the visible and near infrared spectral region.

We considered and used two available codes - 6S (Ver-
mote et al, 1994) and JMRT (Martonchik, 1994). The
RT code MODTRAN3 was not used yet since it was not
available prior to this work (Abreu et al, 1995).

2.1. The “John Martonchik Radiative Transfer”
(JMRT) Code

Using a radiative transfer code written by John Mar-
tonchik at JPL we generated hemispherical TOA radiance
fields for four MISR channels, five different aerosol types
(urban, rural, maritime, desert and arctic) and 46 surface
BRDF’s from experimental data and models for vegeta-
tion (23), bare soil (3), rough water surface (11), snow
and ice (9).

In the original JMRT output, the BRF values are given
only at the MISR camera angles. In two slightly different
versions we compute the BRFs for the following quadra-
ture zenith angles : 77.00°, 65.0°, 52.50°, 37.00°, 0.00°
(version 1) and 85.00°, 70.50°, 60.00°, 45.60°, 26.10° (ver-
sion 2). Note that the underlined zenith quadrature angles
are also the MISR camera zenith angles.

In addition to these changes the JMRT code is now able
to read any given BRDF model directly from a modified
BRDF subroutine instead of having an additional subrou-
tine for the Kimes data only (Kimes and Sellers, 1985).
Any measured BRDF can be entered as well, given that it
has been measured at certain view angles and sun angles.

We have set up a driver program written in IDL to cre-
ate the input parameters for JMRT and to compute TOA
BRF values at the 10 zenith and at 12 relative azimuthal
quadrature angles (0°, 30°, ... , 330°).

Using the computed angular-dependent hemispherical
data we can compute a “true” TOA albedo ag,.(ps) based
on fine scale RT calculations in Ny = 12 azimuthal and
Ny = 10 elevation angles.

3. AZIMUTHAL MODELS FOR THE TOP OF
THE ATMOSPHERE REFLECTANCE

3.1. Purpose of an Azimuthal Model

Since MISR measures only in nine discrete directions it
is necessary to estimate the TOA radiance in directions
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which are not seen by MISR using what we call an az-
imuthal model (AZM). Various AZM’s were considered
in this study and used to compute an albedo estimate
@g,.. The basic idea is to take a semi-empirical func-
tion which is able to represent many different TOA BRFs.
This function should have as few parameters as possible,
be uniquely invertible and reciprocal (sun and view an-
gles are interchangeable without changing the value) and
should have little sensitivity to noise.

3.2. The CSAR Model

As a starting point we decided to investigate the “Coupled
Surface-Atmosphere Reflectance” (CSAR) model further.
In Rahman et al., 1993 the following semi-empirical model
is suggested to model BRFs of terrestrial surfaces:

(057¢s;0va¢v) =

o (“51“5"1 Fo)lL+ RE), (1)

Ps + po) 1

BRFcsar

where gg and k are empirical surface parameters between
0 and 1 with the condition on gy that the albedo of eq.(1)
is between 0 and 1, and

F(g) is the Henyey-Greenstein function:

1-02
[1+ ©3 — 200 cos(m — g)]'5

F(g) =
©p controls the forward (0 < 0y < 1) and backward
(=1 <€ g < 0) scattering peak,

g is a phase angle and given by:
sin 8 sin 0, cos(ds — ¢v),

COSg = [slhy +

(1+ R(G)) approximates the hot-spot with:

1— g
1+G’

1+ R(G)=1+

G = /tan? 6, + tan® @, — 2tan @, tanf, cos(¢s — by ).

In Fig. 1 we show a polar representation of the BRF for
variable ©¢ and k. The center of each circle represents
nadir. The radial direction is given by sin§. The princi-
pal plane (plane in which the solar vector and the surface
normal lie) is along the horizontal axis with the sun posi-
tion on the right side.

3.3. Uniqueness

To test whether a BRF model is invertible we wrote an
IDL program to create many different BRF slices similar
to MISR data using the CSAR semi-empirical function
for randomly chosen parameters gy, k and ©y. A non
linear least squares fitting routine (CURVEFIT.PRO) was
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Normalized CSAR BRDF :
Sun Zenith=32.5000 deg
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Figure 1: Polar representation of the CSAR BRF for §; =
32.5° and gp = 0.2 as a function of ©¢ and k (a < 1).

used to invert the BRF slices and compare the retrieved
parameters gy, k and @ with the original set go, x and
Og. No case was observed where another solution was
found. While this is not a mathematical proof that the
CSAR BRF is unique, it is sufficient for our purposes.

3.4. Noise Sensitivity

Next we investigated how much noise could be tolerated
and how the albedo error changes as a function of added
noise. We found that the albedo error was less than +5%
for ¢ < 0.1 for an albedo of 0.43. Thus there is a lin-
ear degradation of the albedo with standard deviation.
Similarly the error between original and retrieved BRF
parameters grows with increased noise.

4. CLEAR SKY TOP OF ATMOSPHERE
ALBEDO ALGORITHM

4.1. Algorithm Outline

The following algorithm was implemented and tested on
simulated MISR BRFs over many surface types and at-
mospheric conditions (channel index ¢ is suppressed):

1. Read TOA BRFs from JMRT output.
2. For all N, cases k =1,2,3,...,N, do:

(a) Compute the albedo ag
(b) For view azimuthal
[0°, 30°, 60°, 90°] do:
i. Extract a BRF slice (BRF;, i =1,2,...,9)
at the MISR angles for (¢;, ¢; + 180°).
IGARSS’96 Paper / LA-UR-96-1129

angles ¢ =

ii. Perform nonlinear curve fit of BRFj;
results in estimated CSAR parameters
00,k Kjk and O ;.

iii. Do a numerical integration of CSAR model
over the hemisphere results in estimated
albedo aqg j k-

iv. Compute albedo error (g k) = o —
Oéak.
(c) Plot standard deviation o of the albedo error

e(ao,j,k) as a function of view azimuth ¢;.

(d) Generate TOA BRF from estimated CSAR pa-
rameters and display next to original.

3. Generate scatter plots of standard deviation of the
albedo error versus azimuth marking different surface
types with symbols.

5. RESULTS

Various retrieval schemes will be discussed in the next
4 sub-sections using the same TOA-BRF data set. The
standard deviation o of the albedo error was computed
over all cases dividing them into general surface classes
of: A Vegetation (23 models), ¢ Soil and sand (3 mod-
els), + Snow and ice (9 models) and * Water (11 models),
where the plot symbols shown will be used in Figure 2.
Each surface model was used in 5 different atmospheres
and 3 sun angles. Thus a total of 690 TOA BRFs were
inverted for 4 different azimuthal angles at (0°, 30°, 60°
and 90°). Including all 4 channels this data set grows to
2760 cases. This process (with visualization of the origi-
nal and fitted BRF's in polar surface plots) took about one
hour on a Sparcl0 workstation and depended on the RMS
error criterion for convergence. It is clear that the final
EQOS data would not be able to go through the same pro-
cessing and that faster inversion routines must be found
to make this approach practicable for the EOS data in-
formation system. We therefore are also trying to reduce
the number of parameters in the model to less than three.
5.1. Algorithm using Two Parameters (with

Limits) CSAR Model

MISR does not measure in the principle plane, therefore:
one may argue that a parameter which models forward
or backward scattering (hot spot) (e.g. ©¢ for the CSAR
model) should not be used. Thus we modified the CSAR
BRF and set the term F(g) in eq.(1) to unity.

This step improved the retrieval of the TOA albedo
for bright and Lambertian surfaces which often showed
erroneous hot-spots or specular peaks. In order to keep
the parameters go and x within their limits specified by
CSAR, a variable transform from the original unbound
variable go to the interval limited variable gf was used:
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Two_Parameter BRDF :
Sun Zenith=32.5000 deg
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Figure 2: Polar representation of the two parameter BRF
for 8, = 32.5° and as a function of gg and £ (F(G) =1
and a < 1).

0h =3+ tan” (e0) and it’s inverse: go = tan(m(gh — 3))-
Similarilly x can be transformed to . The BRF used

was given by:

BRFcsAR-mod(8i, ¢i) = BRFcsar(9i, ¢i; 00, 6", F(g) = 1).

(2)
The resulting standard deviations for various surface
types are shown in Figure 3. The method works well for
all cases and channels (o < 3.8%) For more typical MISR
azimuthal angles between 30° and 60° the albedo errors
are below 2% which is very good.

6. CONCLUSIONS

We find that for most cases our albedo error will be less
than 1% in the visible and less than 1.5% in the NIR
which is a significant advancement of the state-of-the-art
for global change research goals. In contrast, if only nadir
measurements are used the albedo error is about 5 % in
the visible and 10 % in the NIR. More work is however
needed to make this approach robustly work for all sur-
faces and atmospheric conditions.
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Figure 3: Standard deviation of the albedo error for a
version of the parameter limited CSAR BRF without the
hot spot parameter © for various surface types (Symbols
are described in section 5).
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